Abstract. Transmembrane protein 165 (TMEM165), a Golgi protein, functions in ion homeostasis and vesicular trafficking in the Golgi apparatus. While mutations in TMEM165 are known to cause human 'congenital disorders of glycosylation', a recessive autosomal metabolic disease, the potential association of this protein with human cancer development has not been explored to date. In the present study, we revealed that TMEM165 is overexpressed in HCC and its depletion weakens the invasive activity of cancer cells through suppression of matrix metalloproteinase-2 (MMP-2) expression. Levels of TMEM165 mRNA and protein were clearly increased in HCC patient tissues and cell cultures. Quantitative real-time RT-PCR analysis of fresh HCC tissues (n=88) revealed association of TMEM165 overexpression with more frequent macroscopic vascular invasion, microscopic serosal invasion and higher α-fetoprotein levels. Notably, depletion of TMEM165 led to a marked decrease in the invasive activity of two different HCC cell types, Huh7 and SNU475, accompanied by downregulation of MMP-2. Our collective findings clearly indicated that TMEM165 contributed to the progression of HCC by promoting invasive activity, supporting its utility as a novel biomarker and therapeutic target for cancer.
Introduction
Hepatocellular carcinoma (HCC) is the most common form of primary liver cancer in adults and the third leading cause of cancer-related mortality worldwide (1) . HCC occurs most frequently in patients with chronic liver disease and cirrhosis (2) . The common risk factors of HCC include hepatitis B and C virus infection, heavy consumption of alcohol, exposure to aflatoxin B1 and non-alcoholic steatohepatitis (3) . Despite significant advances in diagnosis and treatment, liver resection and transplantation are considered the only curative options at present (3) . To date, no effective treatment strategies have been developed for patients with advanced HCC, including the approved therapeutic agent, sorafenib (4), owing to chemoresistance and excessive cytotoxicity resulting in dismal prognosis (5) . Therefore, identification of early and effective diagnostic markers and therapeutic targets for this disease remains an urgent unmet medical need.
The discovery of genes involved in tumor progression has prompted research into various methods of therapeutic intervention. Based on advances in genome-wide technology in cancer research, we established a microarray dataset to identify the genes responsible for dismal prognosis in earlier studies (6) (7) (8) . In the present study, transmembrane protein 165 (TMEM165), a Golgi protein (9) , was shown to be associated with aggressive characteristics of HCC. TMEM165 is a highly conserved hydrophobic protein of 324 amino acids that contains 7 transmembrane-spanning domains according to topology predictions (10) . Recent research has revealed that mutations in TMEM165 were associated with a rare autosomal recessive disease designated 'congenital disorders of glycosylation' leading to defects in metabolic processes through impairment of galactosylation and sialylation of N-glycoproteins (10) (11) (12) (13) (14) . The majority of congenital disorders of glycosylation are caused by defects in glycosylation machinery components, such as SLC35A1, B4GALT1 and MGAT2 (15) (16) (17) . In contrast to the glycosylation-governing proteins, TMEM165 maintains Golgi ion homeostasis and vesicular Golgi trafficking (18) . While TMEM165 has been extensively characterized in association with congenital disorders of glycosylation, its relationship with cancer remains to be determined. HCC-related proteins have been identified in multiple cellular compartments, including the nucleus, cytoplasm, mitochondria and plasma membrane. However, association of Golgi proteins with HCC has rarely been documented in the literature to date. To the best of our knowledge, GP73 (a 73-kDa Golgi transmembrane protein) is the protein that has been relatively well documented as a useful serum biomarker for HCC and shown to be involved in the progression of benign liver disease (17, 19, 20) . In the present study, we identified a Golgi transmembrane protein, TMEM165, that is overexpressed in HCC patient tissues. TMEM165 expression was significantly associated with high levels of α-fetoprotein as well as presence of macroscopic vascular and serosal invasion. Consistently, TMEM165 depletion attenuated invasion activities of HCC cells via decrease in MMP-2 expression. Our findings revealed that TMEM165 could serve as a novel HCC marker associated with cancer aggressiveness and presents a potential therapeutic target. The optimal PCR cycle for each primer set was determined by monitoring PCR products harvested at 2-cycle intervals with at least 3 different cycles. PCR amplification was performed with an initial 2 min of denaturation at 94̊C, followed by cycling a 20 sec denaturation at 94̊C, 10 sec annealing at 55̊C and 30 sec extension at 72̊C with a final 5 min extension at 72̊C. The final PCR products were loaded on agarose gels and mRNA levels quantitated using NIH ImageJ software (http://rsb.info.nih.gov/ij).
TMEM165, a Golgi transmembrane protein, is a novel marker for hepatocellular carcinoma and its depletion impairs invasion activity

Materials and methods
Patients
Western blot analysis.
Total tissue samples were homogenized in lysis buffer [50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% (v/v) Nonidet P-40, 0.1% (w/v) sodium dodecyl sulfate, 0.5% (w/v) sodium deoxycholate] including protease inhibitor cocktail (cat. no. P3100-010; GenDEPOT, Inc., Barker, TX, USA) and placed on ice for 20 min. After incubation, tissues were centrifuged for 20 min at 13,000 x g at 4˚C and the supernatant fractions were collected. Quantified and sampled proteins were separated on a 12.0% (w/v) SDS gel and transferred to nitrocellulose membranes (cat. no. 10401396; Whatman, Maidstone, UK). Next, the membranes were blocked with 5% (w/v) skim milk in TBS with Tween-20 (TBS-T) buffer [25 mM Tris-HCl, pH 7.4, 140 mM NaCl, 2.7 mM KCl, 0.05% (w/v) Tween-20] for 1 h at room temperature, followed by incubation with primary antibodies against TMEM165 (diluted to 1:1,000; cat. no. 20485-1-AP; ProteinTech Group, Rosemont, IL, USA) and GAPDH (diluted to 1:2,000; cat. no. sc-25778; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 1 h at room temperature. After washing 3 times with TBS-T, the membranes were treated with horseradish peroxidase-conjugated secondary antibody (diluted to 1:3,000; cat. nos. A120-101P and A90-116P; Bethyl Laboratories, Inc., Montgomery, TX, USA) at room temperature for 1 h. Following 3 further washes with TBS-T, the membranes were reacted with Luminol chemiluminescent reagent (cat. no. sc-2048; Santa Cruz Biotechnology, Inc.) according to the manufacturer's protocol. The intensities of the band were analyzed using the NIH ImageJ software (National Institutes of Health, Bethesda, MD, USA). on the bars indicate outlier and extreme outlier samples, respectively, with 95% confidence interval. (C) Protein expression of TMEM165 in 7 pair-matched HCC and adjacent liver tissues determined using western blotting. β2-Microglobulin (β2M) and GAPDH were used as internal controls. The tissues used for A and C were randomly selected from the 33 pair-matched set. All semi-quantitative RT-PCR and western blotting experiments were repeated at least 3 times. The densitometry analysis was performed using ImageJ software. P-values were calculated by a two-sample t-test. TMEM165, transmembrane protein 165; HCC, human hepatocellular carcinoma.
Clonal survival analysis. Huh7 and SNU475 cells were transiently transfected with control and TMEM165 siRNAs. At 24 h after transfection, 1,000 cells were seeded on a 6-well plate. Cells were fixed with 10% (w/v) formaldehyde and stained with 0.1% (w/v) crystal violet 10 days after seeding. Colonies were counted using digital images obtained with ImageJ. All experiments were performed in triplicate. Statistical analysis. Statistical analysis was performed using SPSS v.23.0 software (IBM Corp., Armonk, NY, USA). Receiver operating characteristic (ROC) curves were generated to assess the optimal cut-off point for TMEM165 expression. A one-way analysis of variance (ANOVA) with post hoc Tukey's HSD test was conducted to compare the expression levels of TMEM165 in normal, non-tumor and tumor samples. Correlations between TMEM165 expression and clinicopathological parameters were determined using a 2-sample t-test, Pearson's correlation test, Chi-squared (χ 2 ) and Fisher's exact tests. For the comparison of invasion and clonal survival, ANOVA with post hoc Dunnett's test was performed. The data were considered significant at P<0.05.
Results
TMEM165 is overexpressed in HCC.
To establish whether TMEM165 is involved in the pathogenesis of HCC, we examined its expression patterns in tumor and adjacent liver tissue specimens obtained from HCC patients subjected to surgical resection. Semi-quantitative RT-PCR disclosed higher TMEM165 expression in HCC than adjacent liver tissues (P= 0.027) (Fig. 1A) . To confirm TMEM165 expression, we performed quantitative real-time RT-PCR on an extended HCC sample set (n=88) ( Table I) (Fig. 1B) . In contrast to tumor tissues, adjacent liver tissues did not exhibit a significant difference in TMEM165 expression, compared to normal liver tissues (P= 0.942). When expression levels were adjusted and compared with those of normal liver tissues, the mean increases in TMEM165 expression in HCC and adjacent liver tissues were 2.40-and 1.02-fold (median, 1.89-and 0.99-fold, respectively). Consistent with the mRNA expression data, the protein levels were higher in HCC than adjacent liver tissues (P= 0.002) (Fig. 1C) . The collective findings clearly demonstrated TMEM165 overexpression in HCC. Edmondson-Steiner histological grade. In our present patient cohort, the clinicopathological information collected retrospectively has missing data, since some parameters were not obtained from all patients. AFP, α-fetoprotein; AST, aspartate aminotransferase; ALT, alanine transaminase.
TMEM165 overexpression is clinically associated with macroscopic vascular invasion, microscopic serosal invasion, and high α-fetoprotein levels of HCC.
Next, we examined the potential association of TMEM165 mRNA levels with clinicopathological parameters to ascertain whether overexpression has a clinical impact on HCC. Variations in TMEM165 expression determined based on real-time analysis were mostly <2.0-fold between normal and adjacent liver tissues. To further verify an optimal cut-off point for TMEM165 expression, we performed ROC analysis using SPSS software. In the analysis, the clinical parameters, AFP level (<50 vs. ≥50 ng/ml), macroscopic invasion (no and yes) and serosal invasion (no and yes) were associated with TMEM165 (P<0.05). The optimal cut-off points of TMEM165 expression for these parameters were 1.98-(P= 0.009), 3.03-(P= 0.032), and 2.32-fold (P= 0.018), respectively, indicating a 2.0-fold is suitable for comparison with clinicopathological parameters. Accordingly, we subdivided HCCs into two groups based on TMEM165 expression employing 2.0-fold as a cut-off point. Among the 88 tumor tissues examined, 41 (46.6%) exhibited ≥2.0-fold increase in TMEM165 transcript expression. Consistent with the ROC analysis, higher α-fetoprotein levels (≥50 ng/ml, P=0.022; ≥200 ng/ml, P=0.024) and presence of macroscopic vascular invasion (P= 0.023) and serosal invasion (P= 0.006) were significantly associated with TMEM165 overexpression (≥2.0-fold) (Table II) (Table II) exhibited marked differences in TMEM165 expression (Fig. 2) . Specifically, the TMEM165 expression level was positively correlated with the AFP level ( Fig. 2A) (n=87, r=0.213 and P= 0.048). Additionally, median increases in TMEM165 expression were 1.90-and 3.26-fold according to macroscopic vascular invasion (no and yes, P= 0.034) (Fig. 2B ) and 1.87-and 2.95-fold according to serosal invasion (no and yes, P=0.03), respectively (Fig. 2C) . The clinicopathological association data indicated that TMEM165-associated parameters influence aggressiveness of HCCs, based on the finding that overexpression of this protein is clinically associated with the invasive characteristics of this tumor type. (Fig. 3A) . Table II . Correlation between TMEM165 expression and clinicopathological parameters (n=88). Next, we examined the effect of TMEM165 depletion on invasion of Huh7 cells that express high levels of TMEM165. Notably, TMEM165 depletion achieved via transfection of siRNA induced a significant decrease in the invasive activity of Huh7 cells (Fig. 3B) . Two siRNAs (#1 and #2) recognizing different regions on the coding sequence induced a noticeable level of suppression of invasive activity (51.3 and 72.1%, respectively, compared to the control siRNA). Significantly reduced invasion was additionally observed in the SNU475 cell line (Fig. 3C) . The rates of inhibition of invasion by TMEM165 siRNA #1 and #2 were 88.2 and 95.7%, respectively, clearly indicating that knockdown of TMEM165 in HCC suppresses invasive activity to a significant extent. To further confirm this finding, we assessed the effects of TMEM165 depletion on clonal growth that can detect cell proliferation and death. Notably, clonal growth was hardly inhibited in both cell lines after transfection of TMEM165 siRNAs (P>0.1, Fig. 4A and B) . Thus, the TMEM165 depletion-mediated suppression of HCC cell invasion activity was not attributable to decreased clonal survival.
TMEM165 depletion decreases invasion of HCC cells
TMEM165 expression ----------------------------------------
TMEM165 affects matrix metalloproteinase-2 (MMP-2) expression.
To further determine the mechanisms underlying TMEM165-mediated regulation of invasion, we examined the potential involvement of MMPs, well-known invasion activators. Specifically, we assessed the expression levels of MMP-1, -2 and -9 in HCC cells depleted of TMEM165. As expected from the cell invasion data, MMP-2 levels were severely decreased under conditions of TMEM165 depletion in both Huh7 and SNU475 cell lines (Fig. 5A and B) . In contrast, MMP-1 and -9 levels were not affected. To determine whether TMEM165 controls cancer cell invasion in a similar manner to Golgi phosphoprotein 2, we examined the expression of MMP-13 that are regulated by Golgi phosphoprotein 2 (21) . Notably, TMEM165 depletion had no effect on the expression patterns of this molecule, indicating that the mechanism by (Table II) which TMEM165 promotes the invasive activity of cancer cells is distinct from that of Golgi phosphoprotein 2.
Discussion
The TMEM165 protein, mainly characterized in association with congenital disorders of glycosylation type 2 disease, has recently attracted significant research attention (13, 14, 22, 23) . Based on cohort studies, 3 different mutations in TMEM165 have been reported to date, specifically, homozygous point mutation in the deep intronic splice region, homozygous missense mutation and heterozygous missense mutation, all of which culminate in loss or decrease in function of the protein (11, 14) . Recent in vitro studies have disclosed that TMEM165 is associated with Golgi homeostasis sensitive to were prepared by transfection with targeted siRNAs and grown in 5% serum for 48 h. MMP-1, -2, -9 and -13 mRNA levels were assessed using RT-PCR. Ribosomal protein S26 (RPS26) and GAPDH were used as internal controls. TMEM165, transmembrane protein 165; MMP, matrix metalloproteinase. manganese concentrations (18) , indicating that mutation and loss of function of the protein can trigger defects in manganese-sensitive Golgi homeostasis. The importance of Golgi proteins in promoting cancer progression has been highlighted in previous studies. Golgi phosphoprotein 2 (GP73) is aberrantly expressed in HCC and knockdown of this gene inhibits cancer cell invasiveness via altering expression of E-cadherin, N-cadherin and MMP-13 (24, 25) . Moreover, Golgi phosphoprotein 3 (GOLPH3) is overexpressed in various cancer types, in turn, increasing invasion and migration of cancer cells (26) (27) (28) . GOLPH3 interacts with phosphatidylinositol-4-phosphate and myosin18A to facilitate Golgi to plasma membrane trafficking and regulates the directional migration of cells (29) . Despite the recent focus on Golgi proteins, the specific function of TMEM165 in cancer remains to be determined.
We previously established an integrative analysis tool to determine the gene expression patterns between non-tumor and tumor regions in correlation with clinical outcomes (6) . Based on these experiments, we demonstrated for the first time that the TMEM165 protein is significantly upregulated in tumor compared to non-tumor tissues of HCC patients. Notably, overexpression of TMEM165 (using the 2-fold cut-off criterion) was positively correlated with aggressiveness of HCC characterized by high AFP levels as well as presence of macroscopic vascular and microscopic serosal invasion. In keeping with this finding, depletion of TMEM165 significantly reduced invasiveness of human HCC cell lines in vitro, accompanied by a decrease in expression of MMP-2, an endopeptidase that degrades the extracellular matrix to stimulate cancer invasion and metastasis. However, other MMPs (MMP-1, -9, and -13) were not affected by depletion of TMEM165. These results support a role of TMEM165 as a key molecule that directs cancer cell invasion, consequently promoting aggressiveness. Clonal survival analysis can be effectively used to detect several phenotypic changes, including proliferation, death and senescence. TMEM165 depletion decreased cancer cell invasion without affecting clonal survival, indicative of a negligible effect on these phenotypes. Inhibition of cellular proliferation, death or senescence is reported to trigger a decrease in the invasion rate of cancer cells (30) . Therefore, TMEM165 regulation of cancer cell invasion is credible, since the possibility that phenotypic changes, such as cellular proliferation, death, and senescence, can affect cancer cell invasion was eliminated.
Despite the significant correlation between TMEM165 overexpression and aggressiveness of the tumor phenotype, TMEM165 was not associated with patient prognosis in the current study (data not shown). This may be attributable to the small number of samples used for our analysis. Studies on larger cohorts are therefore required to validate the expression patterns of TMEM165 in relation to patient prognosis. Furthermore, while decreased invasiveness of cancer cells upon TMEM165 knockdown was evident, the precise mechanisms require elucidation in future studies. Considering the relationship between TMEM165 mutation and type II congenital disorder of glycosylation, it is plausible that its overexpression in HCC is associated with abnormalities in galactosylation and sialylation of N-glycoproteins observed in the disease. These protein modifications influence the invasive activity of cancer cells (31) . Several invasion-related proteins (CD44, integrin and E-cadherin) have been revealed to be markedly affected by glycosylation (32) (33) (34) . In summary, TMEM165 is both transcriptionally and translationally overexpressed in HCC and associated with invasive activity.
